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ABSTRACT: In Solanaceae, a group dominated by actinomorphic‐flowered

species, floral zygomorphy is frequently observed among the early‐branching clades.
Morphological studies indicated that a zygomorphic androecium is much more
common than a zygomorphic corolla in the family. Ontogenic studies suggested the
evolution of floral zygomorphy in these two whorls is independent. Here, we have
examined the evolution of floral symmetry in the androecium and corolla in
Solanaceae. The character states of floral symmetry were assembled for
androecium and corolla separately, and ancestral state reconstructions were carried
out at both the genus and species levels for Solanaceae and its outgroups.
Correlation tests were performed to determine whether the presence of floral
zygomorphy in the androecium and corolla is correlated. The ancestral state
reconstructions suggest the flower of the most recent common ancestor of
Solanaceae is likely zygomorphic in the androecium but actinomorphic in the corolla.
Multiple losses and gains of floral zygomorphy in androecium and corolla explain the
existing pattern of floral symmetry in Solanaceae. A significant positive correlation
between the possession of floral zygomorphy in the androecium and corolla of
Solanaceae was detected. Floral zygomorphy likely has evolved in androecium and
corolla along separate evolutionary trajectories, and zygomorphy in the androecium
may be a precursor for the many gains of zygomorphy in the corolla in Solanaceae.
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1 Introduction
Two main kinds of floral symmetry are recognized in angiosperms, zygomorphy (bilateral symmetry,
monosymmetry) with a single plane of symmetry and actinomorphy (radial symmetry, polysymmetry) with several
planes of symmetry (Neal et al., 1998). Floral zygomorphy is often thought of as an adaptive trait associated with
large clades of angiosperms, such as Orchidaceae, core Lamiales, and Fabaceae (Ushimaru & Hyodo, 2005;
Fenster et al., 2009; Ushimaru et al., 2009). The shape of zygomorphic flowers restricts pollinator movement and
access to the flowers, which results in precise deposition of pollen and hence increased pollination efficiency
(Jesson & Barrett, 2002, 2005; Fenster et al., 2009). Paleontological and phylogenetic studies have shown that
floral zygomorphy has evolved independently multiple times from ancestors with actinomorphic flowers (Stebbins,
1974; Crepet, 1996; Donoghue et al., 1998; Endress, 2001; Westerkamp & Claßen-Bockhoff, 2007; Takhtajan,
2009; Citerne et al., 2010; Reyes et al., 2016). Understanding the evolution of floral zygomorphy in many
lineages, however, awaits in-depth studies (Donoghue et al., 1998; Takhtajan, 2009). The evolution of floral
symmetry in Solanaceae is highly dynamic. Recent studies indicate that it is a family with predominately
actinomorphic flowers, but zygomorphic-flowered species are commonly observed in many groups throughout the
family, including its early-branching clades (Fig. 1; Knapp, 2002, 2010; Olmstead et al., 2008; Takhtajan, 2009).
However, the evolutionary transitions that give rise to the diversity of zygomorphic patterns in this group are still
unclear (Robyns, 1931; Knapp, 2002, 2010).
One well-characterized synapomorphy of floral development in Solanaceae is that the plane of floral symmetry
is oblique, 36° off the median plane (Fig. 2) (Robyns, 1931; Cocucci, 1995; Knapp, 2002). The species of the
family usually have the two fused carpels oriented along this 36° oblique plane regardless of floral symmetry
(Hunziker, 2001). Floral zygomorphy is always established along this oblique plane (Wydler, 1866; Eichler, 1878;
Robyns, 1931). In Solanaceae, floral zygomorphy is observed in androecium, corolla, and/or calyx. The
zygomorphic androecium can result from stamen abortion (e.g., Leptoglossis Benth., Salpiglossis Ruiz & Pavon,
and Schizanthus Ruiz & Pavon), modi fications in anther size and/or shape (e.g., common in Solanum L.),
unequal filament length (e.g., Lycianthes Hassl., Fabiana Ruiz & Pavon, and Vestia Willd.), or filament curvature
(e.g., Anthocercis Labill., Atropa L., and Duboisia R. Br.) (Cocucci, 1995; Hunziker, 2001) (Fig. 2). The
development of the zygomorphic androecium in Solanaceae follows Robyns’ rule, that is, the single ventral
(abaxial) stamen along the 36° oblique plane of floral symmetry is always the first to be modified or lost (Robyns,
1931). On the other hand, the zygomorphic corollas are highly heterogeneous regarding the shape and size of
the limb and tube. The limbs can be strongly zygomorphic with deeply fringed petals (e.g., Schizanthus), with
distinctive color patterns in the dorsal and ventral regions (e.g., Salpiglossis), or only slightly different in size
along the dorsoventral plane of floral symmetry (e.g., Nicotiana L.) (Hunziker, 2001). The tubes can be
zygomorphic, such as Nicotiana, Hyoscyamus L., Juanulloa Ruiz & Pavon, and some species of Solanum (e.g.,
Solanum herculeum Bohs) (Hunziker, 2001). Furthermore, the shapes of the tube are highly diverse: short and
open (e.g., Solanum tridynamum Dunal), long and narrow (e.g., Nicotiana), cup-shaped (e.g., Solandra Sw.), or
funnel-shaped (e.g., Petunia (Juss.) Wijsman) (Hunziker, 2001). The diversity of floral morphology in Solanaceae
suggests that the flowers are associated with a broad range of animal pollinators, including bees, butterflies,
birds, and bats (Cocucci, 1995; Knapp, 2010).
Investigations of diverse lineages across Solanaceae revealed that zygomorphy is more common in the
androecium than in the corolla (Robyns, 1931; Knapp, 2010). Robyns (1931) observed that while Hyoscyamus
niger L., Petunia axillaris (Lam.) Britton, Stern & Poggenb., and Nicotiana alata Link & Otto share short dorsal
(adaxial) stamens in their androecia, their zygomorphic corollas are modified in different ways, with dorsal petal
enlargement in Hyoscyamus niger, but ventral petal enlargement in Petunia axillaris and Nicotiana alata. Robyns
explained that the differences in zygomorphy in these two whorls are due to independent modifications in
androecium and corolla. Detailed studies of floral ontogeny also imply a complicated evolutionary history. In
androecia, the zygomorphy seems to develop through either simultaneous primordium initiation with subsequent
modifications, as in Lycium horridum Thunb. and Nierembergia repens Ruiz & Pavon, or sequential primordium
initiation, as in
Schwenckia browallioides Kunth and Schizanthus pinnatus Ruiz & Pavon (Ampornpan &
Armstrong, 1988, 1990; Ampornpan, 1992). Similarly, the zygomorphic corolla may have either simultaneous
primordium initiation as in Schizanthus pinnatus, or sequential primordium initiation as in Streptosolen jamesonii
(Benth.) Miers (Ampornpan & Armstrong, 1988; Ampornpan, 1992). Moreover, the establishment of floral
zygomorphy in different lineages can occur at different developmental stages (Ampornpan, 1992). Taken
together, these observations suggest that floral zygomorphy in Solanaceae might have arisen several times
and/or have been substantially modified in different lineages.

Fig. 1. Zygomorphic flowers in Solanaceae. Schizanthus pinnatus Ruiz & Pavon ( A), Schizanthus grahamii Gill.
(B), Nicotiana alata Link & Otto (C), Browallia speciosa Hook. (D), Calibrachoa hybrid (E), and Nicotiana
obtusifolia Martens & Galeotti (F) show different degrees of floral zygomorphy, but all display a single dorsal petal
at maturity.
Recently, the evolution of floral symmetry in Solanaceae has been reconstructed by Knapp (2010). In that
study, floral symmetry was treated as a single character with two states, i.e., actinomorphy and zygomorphy, and
a placeholder “Convolvulaceae” was used to root the solanaceous phylogeny. The study indicated that
zygomorphy had evolved at least four times independently in the early-branching clades of the family, followed by
many independent losses and subsequent reacquisitions (Knapp, 2010). This work laid the foundation for us to
further explore the evolution of symmetry in Solanaceae.
Here, we use a comprehensive strategy to examine the evolution of floral symmetry in Solanaceae.
Particularly, our objective is to identify the evolutionary transitions that give rise to the unbalanced distributions of
floral zygomorphy in androecium and corolla in this family. Species from 93 recognized genera of Solanaceae
and representatives of major lineages of Solanales (Soltis et al., 1997; Olmstead & Bohs, 2007) were analyzed in
a phylogeny, largely based on the dataset in Särkinen et al. (2013). We included the major clades of Solanales to
be able to examine the diversity of symmetry in the order as a whole. Specifically, we included the genus
Humbertia Lam. of Convolvulaceae, sister to all other genera in this family, that exhibits floral zygomorphy in both
androecium and corolla (Fig. 2) (Deroin, 1992). The ancestral state reconstructions (ASRs) were carried out
considering floral symmetry as either a single character or two characters, zygomorphy of the androecium and
corolla being treated separately, and using both genus and species as units in the character analyses. We show
that considering floral zygomorphy to be a single character does not allow one to understand the evolution of
symmetry in Solanaceae, and the proper delimitation of characters and character states providing new insights
into the evolution of symmetry in this clade.

2 Material and Methods

2.1 Summarizing characters of floral symmetry
We scored floral symmetry either as a single character of the flower, i.e., a flower is scored as zygomorphic if
zygomorphy is observed in either the androecium or corolla, or as two separate characters, zygomorphy in the
androecium and zygomorphy in the corolla. Four states of symmetry were identified in the species sampled, i.e.,
actinomorphic, zygomorphic with a 36° oblique plane, zygomorphic with a 108° oblique plane (Humbertia), and
asymmetric. The ASRs of floral symmetry were examined at both the genus and species levels (Tables S1, S2).
For analysis at the generic level, the character states were summarized based on the previous morphological
studies (e.g., Hunziker, 2001; Knapp, 2010; see Table S1). Since some genera have both zygomorphic and
actinomorphic flowers, the floral symmetry was determined by either the Majority Role Count (MRC) or the

Fig. 2. Floral diagrams of Solanaceae and Convolvulaceae. The gynoecium of Solanaceae is positioned as 36°
oblique to the median plane regardless of the floral symmetry (A). Floral zygomorphy always establishes along
this plane. Four patterns of stamen abortion are observed in Solanaceae (B), i.e., abortion of the single ventral
stamen alone, as in Salpiglossis Ruiz & Pavon (B-1), abortion of the single ventral and shortening of the two
dorsal stamens, as in Browallia L. (B-2), abortion of the single ventral and two lateral stamens, as in Leptoglossis
Benth. (B-3), and abortion of the single ventral and two dorsal stamens, as in Schizanthus Ruiz & Pavon (B-4).
Flowers of Convolvulaceae are considered to be actinomorphic (C, Convolvulus arvensis L.). The only exception
in Convolvulaceae is Humbertia madagascariensis Lam., which develops floral zygomorphy along a plane at 108°
oblique to the median plane (D). The empty circle at the top of the floral diagram represents the position of the
stem; three black arcs indicate the subtending bract (lower arc) and bracteoles (two lateral arcs); five gray arcs
indicate sepals, the numbers on the sepals in A, indicating the order of initiation; five white arcs with black
shading indicate the petals; circles with four lobes indicate the androecium: empty = functional stamens, gray =
functional stamens with modified lengths of filaments, shaded = staminodes; the gynoecium is positioned in the
center; dotted lines indicate the median planes of flowers, which are defined by the stem and subtending bract;
arrows across the flower indicate the plane of floral symmetry, for both the actinomorphic zygomorphic species
illustrated in A based on the orientation of gynoecium, for zygomorphic-flowered species in B based on both the
orientation of gynoecium and floral zygomorphy that overlap; dotted arcuate arrows indicate the resupination of
the flower at anthesis. Floral diagrams are modified from Robyns (1931), Cocucci (1995), Eichler (1878), and
Deroin (1992).

Diversity Count (DC) methods. For the MRC method, a genus is considered to be zygomorphic if the majority
(more than 60%) of its species are zygomorphic, while for the DC method, a genus is considered to be
zygomorphic if any of its species is zygomorphic. For the character analysis at the species level, we included
1054 species that represent ca. 40% of the species diversity of Solanaceae. The floral symmetry of these species
was determined based on descriptions or botanical drawings in the literature (a complete list of references is
given in Table S2).
2.2 Reconstruction of molecular phylogenies
A species level phylogeny including 1054 species from 93 genera of Solanaceae and 10 outgroup species was
reconstructed. This dataset was mostly based on a published DNA sequence supermatrix by Särkinen et al.
(2013), which comprised two nuclear (waxy and ITS) and five plastid regions (matK, ndhF, trnS-G, trnL-F, and
psbA-trnH) including 1075 species of Solanaceae and three species of outgroups, i.e., Convolvulus L. and
Ipomoea L. from Convolvulaceae and Montinia Thunb. from Montiniaceae. Based on this dataset, we updated
species names and removed the duplicated species following Dupin et al. (2016). Other changes include the
merging of Larnax Miers into Deprea Raf. (Carrizo Garcıa et al., 2015; Deanna et al., 2015) and the renaming of
Leucophysalis viscosa (Schrad.) Hunz. as Schraderanthus viscosus (Schrad.) Averett (Averett, 2009). In
addition, we added published data of an additional genus of Solanaceae, Tubocapsicum anomalum (Franchet &
Savatier) Makino and seven species from Humbertia (Convolvulaceae), Grevea Baill., and Kaliphora Hook. f.
(Montiniaceae), Sphenoclea Gaertn. (Sphenocleaceae), and Hydrolea L. (Hydroleaceae), representing diverse
clades of Solanales (Table S3). The molecular markers for these taxa were downloaded from Genbank and
manually aligned with the existing matrix (Särkinen et al., 2013).
The ambiguous regions of this alignment were removed according to the method described by Särkinen et al.
(2013). The phylogeny was inferred using maximum-likelihood (ML) implemented by RAxML v 8.2.6 (Stamatakis,
2006). Bootstrap supports were assessed by the rapid-bootstrapping method with 1000 replicates. The GTRCAT
approximation was used for all partitions as recommended (Stamatakis, 2006). These analyses were carried out
at the CIPRES Science Gateway (Miller et al., 2010).
To obtain the generic level phylogeny, the species level phylogeny was pruned. For the genera that were
monophyletic, each genus was represented by a single tip. Genera that were paraphyletic were represented as
more than one tip to reflect their phylogenetic placements, or as a single tip if they were nested within an
unresolved clade. Then, branch lengths were re-estimated on the final topology by the pml and optim. pml
functions in the package of Phangorn version 2.1.1 (Schliep, 2011) using R (R Foundation, Vienna, Austria).
2.3 Reconstruction of ancestral states of floral symmetry
ASRs at the genus level were conducted using both parsimony and Bayesian approaches (see Table S4 for data
matrix). Both methods are able to incorporate polytomies in the phylogeny. The parsimony analyses were carried
out in Mesquite version 3.10 (Maddison & Maddison, 2016) under the unordered states model that counts any
change of a character state as one step. Compared with the parsimony method, the Bayesian approach allows
exploring the uncertainty in branch lengths and modeling transition rates among character states (Pagel &
Meade, 2006). For the Bayesian inference, stochastic character mapping (SCM) (Nielsen, 2002; Huelsenbeck et
al., 2003) was used, which was implemented as the make.simmap function in phytools version 0.5-38 (Bollback,
2006; Revell, 2012). SCM works for discrete characters using a continuoustime reversible Markov model with a
prior matrix of transition state rates (Huelsenbeck et al., 2003). The best-fitting model for each dataset was first
determined among the three models, i.e., equal rates (ER), symmetric rates (SYM), or all rates different (ARD),
by using the fitMK function in phytools version 0.5-38 (Revell, 2012). Then, the transition state rates are
estimated based on this model. The posterior distribution of the transition rate matrix was then determined using
a Markov chain Monte Carlo (MCMC) simulation run for 100 000 generations and sampled every 100
generations. 1000 simulations were carried out to simulate stochastic character histories at each node (Nielsen,
2002; Huelsenbeck et al., 2003).
We also conducted ASRs at the species level (see Table S2 for data matrix) using the parsimony method
under the unordered states model and the ML method under the Mk1 model (Lewis, 2001) in Mesquite v. 3.10
(Maddison & Maddison, 2016).
2.4 Testing for correlation between floral zygomorphy in androecium and corolla
We tested if the occurrences of floral zygomorphy in androecium and corolla are correlated using BayesTraits
version 2.0 (Pagel, 1994; Pagel & Meade, 2007). Correlated and uncorrelated models were run based on the

MRC and DC datasets. Analyses were carried out using reversible jump MCMC (Pagel & Meade, 2006) for 10
000 000 iterations with sampling every 1000 iterations, of which the first 500 000 iterations were discarded as
burn-in. The log Bayes Factor (log BF) value was calculated using the formula: 2 [log marginal likelihood (two
traits dependent model)–log marginal likelihood (two traits independent model)] (Kass & Raftery, 1995). The
result was interpreted based on the logBF value, that is, the correlated model is favored if 5 > logBF > 2, strongly
favored, if 10 > logBF > 5, or significantly favored, if logBF > 10 (Pagel & Meade, 2006).

3 Results
3.1 Statistics on floral zygomorphy in Solanaceae
At the generic level, floral zygomorphy is quite common in Solanaceae with 42% genera (39 out of the 93), or
53% genera (49 out of 93) having zygomorphic flowers based on MRC and DC, respectively (Fig. 3; Table S1).
Within these zygomorphicflowered genera, zygomorphy can occur in both androecium and corolla, or only in the
androecium, or only in the corolla, with a ratio of 22: 16: 1 (MRC) or 25: 22: 2 (DC). Zygomorphy is also
described in the calyx in 38 genera (Table S1).
3.2 Phylogeny of Solanaceae and its outgroups
Our species level phylogeny was rooted by the clade Montiniaceae þ (Sphenocleaceae þ Hydroleaceae), which
is the sister of the Convolvulaceae þ Solanaceae clade based on previous work (Soltis et al., 1997). Solanaceae
and Convolvulaceae form a sister group with 100% support. Within the Solanaceae, the most early-branching
clade is the genus Schizanthus, followed successively by Duckeodendron Kuhlm., Reyesia Gay, and
Goetzeoideae. The relationships of the remaining clades are (Schwenckieae, Petunioideae, (Benthamielleae,
Cestroideae), (Nicotianoideae þ Solanoideae)). These results are largely congruent with those from previous
molecular systematic studies (Olmstead et al., 2008; Särkinen et al., 2013).
To convert the species level phylogeny into a genus level phylogeny, the clades with support rates less than
45% were collapsed. Four large clades then included polytomies: (i) a clade within Anthocercideae (including
Anthocercis, Cyphanthera Miers, Grammosolen Haegi, Anthotroche Endl., Crenidium Haegi, and Duboisia)
(Garcia & Olmstead, 2003; Olmstead et al., 2008; Särkinen et al., 2013), (ii) the clade of Benthamielleae
(including Benthamiella Speg., Pantacantha Speg., and Combera Sandw.) (Olmstead et al., 2008; Särkinen et
al., 2013), (iii) the clade of Cestreae (including Vestia, Sessea Ruiz & Pavon, and Cestrum L.) (Olmstead et al.,
2008; Särkinen et al., 2013), and (iv) a clade including Dunalia Kunth., Saracha Ruiz & Pavon, Vassobia Rusby,
Eriolarynx Hunz., and some species of Iochroma Benth. (Fig. S1) (Smith and Baum et al., 2006; Olmstead et al.,
2008; Särkinen et al., 2013). The paraphyletic genera in these four clades are kept as single tips because of
unresolved relationships. Moreover, three other paraphyletic genera outside these four clades, i.e., Iochroma
(Smith & Baum, 2006), Physalis L. (Whitson et al., 2005; Zamora-Tavares et al., 2016), and Witheringia L’
Heritier (Stone & Pierce, 2005; Olmstead et al., 2008) are represented by more than one tip based on the
phylogeny we obtained. The finalized genus-level phylogeny includes 104 tips covering 93 solanaceous and eight
outgroup genera (Fig. 4).
3.3 ASRs of floral symmetry evolution in androecium and corolla
For ASRs on the genus-level phylogeny using the SCM inference, SYM was found to be the optimal model for all
datasets as it scores the lowest AIC value. When symmetry was treated as a single character, both parsimony
and SCM inferences generally suggest that the flower of the most recent common ancestor (MRCA) of
Solanaceae is zygomorphic with a 36° oblique plane (Tables 1, S4; Figs. S2, S4, S5). When symmetry in the
androecium and corolla were treated as two separate characters, the results from both parsimony and SCM
inferences suggest that the androecium and the corolla of the MRCA of Solanaceae are zygomorphic with a 36°
oblique plane and actinomorphic, respectively (Table 1; Figs. 4, S3, S6, S7). The results of ASRs on the generic
level tree based on MRC and DC are largely congruent, except that MRC results from parsimony inferences
tends to be unresolved at more nodes, i.e., all character states are inferred with the same possibility at a node
(Tables 1, S4; Figs. 4, S2, S3). The ASRs for the species level phylogeny provided similar results as the
inferences based on genus level phylogeny, but support was stronger in the ML analyses (Tables 1, 2; Figs. S8,
S9). The results based on the Bayesian and ML methods mostly agreed with the parsimony results, but the
former also provided support values for the unresolved nodes, which are helpful in interpreting the results.

The results also suggest that zygomorphic corollas in diverse lineages of Solanaceae are the outcome of
independent origins (Figs. 4, S3, S7). Parsimony analyses indicate that a zygomorphic corolla had evolved
independently 17 (MRC) or 20 (DC) times. Most of these independent gains of zygomorphic corollas happened at
the levels of the genus or tribe, e.g., Schizanthus, Reyesia, Espadaea Rchb., Petunieae, Schwenckieae, and
Browallieae, representing the early-branching lineages, while others were at the species level, e.g., in some
species of Markea and Solanum, representing laterbranching clades. On the other hand, zygomorphic androecia
have been lost 24 (MRC), or 26 (DC) times (Figs. 4, S3, S6). These losses in androecium zygomorphy mainly
occurred in four large clades, i.e., Benthamielleae, Cestreae, Juanulloeae, and a clade including Datureae,
Physaleae, Capsiceae, and Solaneae, and in several genera, i.e., Duckeodendron, Tsoala Bosser & D’ Arcy,
Goetzea Wydler, Protoschwenkia Soler., Jaborosa Juss., Anisodus Link, Przewalskia Maxim., and Physochlaina
G. Don.
3.4 Tests of correlated evolution of floral zygomorphy in androecium and in corolla
We detected a significant positive correlation between the presence of floral zygomorphy in androecium and
corolla with the log BF value larger than 10 (Table 3).

4 Discussion
4.1 Identification of characters and character states is key to our understanding of character evolution
Although the results of ASR can be influenced by many factors, such as sample size, phylogenetic resolution,
and the evolutionary mode of traits, proper selection and identification of characters and character states is the
sine qua non of the analysis (e.g., Harvey & Pagel, 1991; Stevens, 1991; Wiens, 2001; Sereno, 2007). A good
character is thought to be an independent unit that plays a role in a biological process, regardless of the level of
observation, gene, cell, or organ (Wagner, 2000; Fristrup, 2001). In Solanaceae, we hypothesize that the
evolution of floral symmetry in different floral whorls may have separate trajectories based on the unbalanced
distribution of zygomorphy observed in androecium and corolla. Furthermore, previous ontogenic studies also
support the idea that the changes in androecium and corolla are likely dissociated (Ampornpan, 1992;
Ampornpan & Armstrong, 2002). Therefore, we treat the floral symmetry in the androecium and corolla as two
separate units to help us understand the evolution of zygomorphy in Solanaceae.
On the other hand, whether the similar morphologies are determined by the same or different mechanisms is
the key to determining whether they should be treated as the same or different character states (Hawkins et al.,
1997; Freudenstein, 2005; Wake et al., 2011). In the case of Solanaceae versus Convolvulaceae, although floral
zygomorphy occurs in both groups, the traits develop through distinct processes. In Convolvulaceae, most
species have an actinomorphic corolla but filaments of unequal lengths, but the genus Humbertia, the sister to all
other members of the family, has a zygomorphic corolla and five fertile stamens with unequal length filaments
that curve towards the dorsal/adaxial side of the flower (Deroin, 1992; Takhtajan, 2009). The zygomorphic plane
of Humbertia, however, is oblique at 108° to the median plane compared to the 36° in Solanaceae (Fig. 2;
Robyns, 1931; Deroin, 1992; Knapp, 2002). So, floral zygomorphy in Solanaceae and Convolvulaceae likely had
independent origins. ASRs that do not distinguish the two types of zygomorphy give a similar estimation for the
MRCA of Solanaceae (data not shown). But they also suggest a single origin of floral zygomorphy in the MRCA
of Solanaceae and Convolvulaceae instead of independent origins. Therefore, it is critical to treat different
developmental mechanisms of floral zygomorphy as separate character states when interpreting floral symmetry
evolution in Solanales.

Fig. 3. Summary of numbers of genera in Solanaceae having zygomorphy in both androecium and corolla, in
androecium alone, or in corolla alone based on MRC (A), and DC (B).
4.2 Separate evolutionary trajectories of floral symmetry in androecium and in corolla of Solanaceae
When floral symmetry is treated as a single character, floral zygomorphy with a 36° oblique plane is seen to have
evolved in the MRCA of Solanaceae based on our analysis (Tables 1, S4; Fig. S2, S4, S5). In contrast, Knapp
(2010) suggested floral actinomorphy in the MRCA of the family, while zygomorphy had evolved at least four
times independently based on the parsimony approach. Both studies agree that gain(s) of floral zygomorphy
were followed by many losses and subsequent reacquisitions. These results, however, largely reflect the pattern
of symmetry evolution in androecium, which dominates the symmetry patterns of the dataset.
The pattern illustrated by the single character ASRs, however, cannot provide precise explanations on how the
diverse zygomorphic flower morphologies were achieved in Solanaceae due to the uncertainty of the symmetry
pattern in the androecium and corolla of the MRCA of the family. Three evolutionary scenarios may be suggested
by the results from the single character ASRs. The first scenario proposes that the MRCA of Solanaceae is
zygomorphic in both androecium and corolla, followed by independent losses in both whorls, especially more
losses in the corolla. The second scenario proposes that the MRCA of Solanaceae had zygomorphy in the
androecium alone, followed by the independent gains of zygomorphy in the corolla but the independent losses of
zygomorphy in the androecium. The third scenario proposes that the MRCA of Solanaceae had zygomorphy in
the corolla alone, followed by the independent gains of zygomorphy in the androecium but the independent
losses of zygomorphy in the corolla. When the floral symmetry in androecium and corolla are treated as two
characters, the ASRs suggest that the MRCA of Solanaceae had a zygomorphic androecium but an
actinomorphic corolla, which is consistent with the second scenario. We propose that the origin of floral
zygomorphy in the androecium preceded the origin of floral zygomorphy in the corolla, which will serve as a
working hypothesis to test the molecular mechanisms underlying these dynamic floral symmetry patterns in
Solanaceae.
4.3 Correlated evolution of zygomorphy in androecium and corolla in Solanaceae
Interestingly, not only do we show that the origin of corolla zygomorphy is after the origin of androecial
zygomorphy in Solanaceae, but also we find that the evolution of floral zygomorphy in these two whorls is
correlated. One of the explanations for this correlation is that the origin of the corolla zygomorphy more likely took
place in the clades that already had zygomorphic androecia. Recent advances in developmental genetics have
revealed that CYCLOIDEA2 (CYC2)-like genes from the TCP gene family play crucial roles in regulating the
development of zygomorphic flowers in several lineages of core eudicots (e.g., Luo et al., 1996; Busch & Zachgo,
2007; Zhang et al., 2010; Howarth et al., 2011). The shifts of the expression of CYC2-like genes often correlate
with modifications of floral zygomorphy within the same or across different whorls of zygomorphic
flowers(Hileman et al., 2003; Zhang et al., 2016). For examples, in Mohavea confertiflora (Benth.) A. Heller
(Plantaginaceae), the abortion of lateral stamens is associated with the expansion of the expression of CYC2-like
genes from the single dorsal stamen to the regions of two lateral stamens (Hileman et al., 2003). In the case of
Hiptage benghalensis (L.) Kurz (Malpighiaceae), the expression of CYC2-like genes also shifted, androecial
zygomorphy being associated with the expansion of CYC2-like genes from the dorsal corolla into the dorsal
androecium (Zhang et al., 2016). Further investigation is required to reveal the molecular mechanisms connecting
the evolution of the zygomorphic androecium and the zygomorphic corolla in Solanaceae.

Fig. 4. ASRs of floral symmetry in androecium (A), and corolla (B), using parsimony and Bayesian methods
based on DC dataset on the genus level phylogeny of Solanaceae and outgroups. Four states of floral symmetry,
i.e., actinomorphic, zygomorphic along a 36° oblique plane, zygomorphic along a 108° oblique plane, and
asymmetric, are indicated by white, green, red, and black, respectively. Two pie charts at each node represent
the results inferred from Bayesian and parsimony methods. Gray indicates unresolved nodes based on
parsimony approach. The percentage of area occupied in the pie chart shows the likelihood of a particular
character state at a node.
Table 1 Summary of ASRs of floral symmetry based on genus level phylogeny
MRCA of
Solanaceae

Whole flower
MRC
DC

Androecium
MRC

Corolla
DC

MRC

DC

Parsimony Not resolved
Zygo 36°
Not resolved
Zygo 36°
Actino
Actino
SCM
Zygo 36° (67.7%) Zygo 36° (83.3%) Zygo 36° (65.7%)Zgyo 36° (84.7%) Actino (93.7%)Actino (90.9%)
MRCA, most recent common ancestor; SCM, stochastic character mapping; MRC, majority role count; DC,
diversity count; Actino, Actinomorphy; Zygo, Zygomorphy.

Table 2 Summary of ASRs of floral symmetry based on species level phylogeny
MRCA of Solanaceae
Whole flower
Androecium
Parsimony
ML

Not resolved
Zygo 36° (89.5%)

Corolla

Not resolved
Zygo 36° (90.7%)

Actino
Actino
(97.6%)
MRCA, most recent common ancestor; ML, maximum likelihood; Actino, Actinomorphy; Zygo, Zygomorphy.
Table 3 Correlation tests for the co-occurrence of floral zygomorphy in corolla and androecium in Solanaceae
Independent model

Dependent model

Difference

P

logBF

117.54
100.03
17.51
<0.001
70.04
MRC
DC
124.43
112.25
17.78
<0.001
48.72
MRC, majority role count; DC, diversity count; 5 > logBF > 2 suggests positive correlation; 10 > logBF > 5
suggests strong positive correlation; logFB > 10 suggests very strong positive correlation.

In summary, delimitation of characters and character states based on evidence from morphology, ontogeny,
and molecular analyses can be helpful for better understanding evolution through providing more precise models
of change. Floral zygomorphy has been estimated to have evolved at least 130 times in angiosperms (Reyes et
al., 2016). It is usually considered as a single character when studying floral symmetry evolution since the trait is
often gained and lost in all whorls of a flower simultaneously. Here, we show that the evolution of floral symmetry
in the androecium and corolla is likely along separate evolutionary trajectories in Solanaceae. It is critical to
realize that the evolution of floral symmetry can be complicated, which may reflect the responses to different
evolutionary and developmental contexts in individual clades.
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Fig. S1. Species level phylogeny of Solanaceae reconstructed by ML method. The phylogeny is rooted by
species from Sphenocleaceae, Montiniaceae, and Hydroleaceae. Bootstrap values are shown at nodes. “#”
indicates the bootstrap value is 100%. The supergeneric groups named by Olmstead et al. (2008) are labeled.
The paraphyletic genera are indicated with superscript numbers which match the labels in the genus level
phylogeny.
Fig. S2. Parsimony ASRs of floral symmetry as a single character based on MRC (A), and DC (B), datasets at
genus level in Solanaceae and its outgroups. Four states of floral symmetry, i.e., actinomorphic, zygomorphic
along a 36° oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated by white,
green, red, and blue, respectively. Grey indicates unresolved nodes.
Fig. S3. Parsimony ASRs of floral symmetry in androecium (A), and corolla (B), based on MRC datasets at genus
level in Solanaceae and its outgroups. Four states of floral symmetry, i.e., actinomorphic, zygomorphic along a
36° oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated by white, green, red,
and blue, respectively. Grey indicates unresolved nodes.
Fig. S4. Bayesian ASRs of floral symmetry as a single character based on MRC datasets at genus level in
Solanaceae and its outgroups. Four states of floral symmetry, i.e., actinomorphic, zygomorphic along a 36°
oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated by white, green, red, and
blue, respectively. The percentage of areaoccupied in the pie chart shows the likelihood of a particular character
state at a node.

Fig. S5. Bayesian ASRs of floral symmetry as a single character based on DC datasets at genus level in
Solanaceae and its outgroups. Four states of floral symmetry, i.e., actinomorphic, zygomorphic along a 36°
oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated by white, green, red, and
blue, respectively. The percentage of area occupied in the pie chart shows the likelihood of a particular character
state at a node.
Fig. S6. Bayesian ASRs of floral symmetry in androecium based on the MRC dataset at genus level in
Solanaceae and its outgroups. Four states of floral symmetry, i.e., actinomorphic, zygomorphic along a 36°
oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated by white, green, red, and
blue, respectively. The percentage of area occupied in the pie chart shows the likelihood of a particular character
state at a node.
Fig. S7. Bayesian ASRs of floral symmetry in corolla based on the MRC dataset at genus level in Solanaceae
and its outgroups. Three states of floral symmetry, i.e., actinomorphic, zygomorphic along a 36° oblique plane,
and zygomorphic along a 108° oblique plane, are indicated by white, green, and red, respectively. The
percentage of area occupied in the pie chart shows the likelihood of a particular character state at a node.
Fig. S8. Species level ASRs of floral symmetry in the whole flower (A), androecium (B), and corolla (C), in
Solanaceae and its outgroups using parsimony. Four states of floral symmetry, i.e., actinomorphic, zygomorphic
along a 36° oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated by white,
green, red, and blue, respectively. Grey indicates unresolved nodes.
Fig. S9. Species level ASRs of floral symmetry in the whole flower (A), androecium (B), and corolla (C), in
Solanaceae and its outgroups using ML inference. Four states of floral symmetry, i.e., actinomorphic,
zygomorphic along a 36° oblique plane, zygomorphic along a 108° oblique plane, and asymmetric, are indicated
by white, green, red, and blue, respectively. The percentage of area occupied in the pie chart shows the
likelihood of a particular character state at a node.
Table S1. Floral symmetry in androecium, corolla, and calyx at the genus level in Solanaceae and its outgroups.
Table S2. Floral symmetry in androecium and corolla at the species level in Solanaceae and its outgroups.
Table S3. GenBank accession numbers of DNA sequences added to the supermatrix from Särkinen et al. (2013)
for reconstructing the species level phylogeny.
Table S4. Character state matrixes and results of ASRs using Bayesian method. 0 = actinomorphic, 1 =
zygomorphic along a 36° oblique plane, 2 = zygomorphic along a 108° oblique plane, 3 = asymmetric.

